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Department of Genetics and Developmental Biology, University of Connecticut Health Center, Farmington, ConnecticutABSTRACT Mathematical modeling has established its value for investigating the interplay of biochemical and mechanical
mechanisms underlying actin-based motility. Because of the complex nature of actin dynamics and its regulation, many of these
models are phenomenological or conceptual, providing a general understanding of the physics at play. But the wealth of carefully
measured kinetic data on the interactions of many of the players in actin biochemistry cries out for the creation of more detailed
and accurate models that could permit investigators to dissect interdependent roles of individual molecular components. More-
over, no human mind can assimilate all of the mechanisms underlying complex protein networks; so an additional benefit of
a detailed kinetic model is that the numerous binding proteins, signaling mechanisms, and biochemical reactions can be compu-
tationally organized in a fully explicit, accessible, visualizable, and reusable structure. In this review, we will focus on how
comprehensive and adaptable modeling allows investigators to explain experimental observations and develop testable hypoth-
eses on the intracellular dynamics of the actin cytoskeleton.INTRODUCTIONThe renowned physicist Freeman Dyson tells the story (1) of
a transformative meeting in 1953 with Enrico Fermi, in
which the young Dyson presented a new theoretical treat-
ment that he felt could explain Fermi’s experimental
findings. Fermi was, to say the least, not convinced. ‘‘In
desperation I asked Fermi whether he was not impressed
by the agreement between our calculated numbers and his
measured numbers. He replied, ‘How many arbitrary param-
eters did you use for your calculations?’ I thought for a
moment about our cut-off procedures and said, ‘Four.’ He
said, ‘I remember my friend Johnny von Neumann used to
say, with four parameters I can fit an elephant, and with
five I can make him wiggle his trunk.’ With that, the conver-
sation was over. I thanked Fermi for his time and trouble,
and sadly took the next bus back to Ithaca to tell the bad
news to the students.’’
The actin cytoskeleton drives many cellular processes
including structural support within cells, cell migration, en-
docytosis, and cytokinesis. How should modelers approach
such a complex system? Fermi’s philosophy that the best
mathematical model is one with a minimal number of equa-
tions and parameters has pervaded physics and, by extension,
biophysics. Indeed, the model that serves as the foundation
of our thinking about how actin polymerization can dynam-
ically control cell shape and motility is conceptually elegant:
the Brownian ratchet model (2). Building off a previously
published formulation (3), Mogilner and Oster used a
minimal number of equations to show how polymerizationSubmitted August 17, 2012, and accepted for publication December 21,
2012.
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The impact of the Brownian ratchet idea demonstrates the
power of using conceptual models to describe biological
systems. The Mogilner lab recently published a review high-
lighting the benefits of conceptual models for understanding
actin-dependent cellular processes (4).
However, it is likewise clear that, despite von Neumann’s
assertion, a mathematical model with five parameters or
six equations will never be able to explain how elephants
become elephants or why elephants do all that they do—
elephants are just too complicated (see, however, Mayer
et al. (5)). We also know that the actin cytoskeleton is pretty
complicated. It is a finely tuned biochemical and mechanical
system in which many proteins interact to control actin
polymerization, depolymerization, and/or stabilization (6–
11). Many of these mechanisms have been characterized
by in vitro biochemical measurements or live-cell quantita-
tive fluorescence microscopy measurements. However, such
measurements can only look at the roles of one or two
actin-binding proteins at a time. Thus, investigators tend
to focus on defining a critical and central function or activity
for their favorite molecule. As shown in Table S1 in the
Supporting Material, many actin regulatory proteins have
been identified, and in many cases, kinetic or binding
parameters have been measured. This table, which does
not claim to be comprehensive, catalogs 131 molecules
that interact with actin. It is clear that focusing on just one
or two players in complex nonlinear interaction networks
can be a flawed strategy—the apparent function of any
one molecule may depend on the state of other molecules
in the system. But biologists strive to tease out the
interactions of each molecule in these networks both to
address fundamental cellular mechanisms and to identifyhttp://dx.doi.org/10.1016/j.bpj.2012.12.044
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these molecules orchestrate the many actin-dependent
cellular processes clearly requires comprehensive detailed
models with too many parameters for Fermi to have toler-
ated. Happily, however, quantitative experimental data can
constrain these parameters, and live-cell microscopy can
be used to validate model predictions.
Happily also, there are software tools that make model-
ing and simulation readily accessible to the actin biology
and biophysics community (12) (for a rather complete
list go to http://sbml.org/SBML_Software_Guide/SBML_
Software_Matrix). Our lab has developed the Virtual Cell
software system (VCell) (13–15) (http://vcell.org) that
enables the construction of models composed of biochem-
ical reactions, membrane fluxes, and molecular diffusion
and flow. It provides capabilities for stochastic or determin-
istic simulations for either compartmental models (i.e., well
mixed) or spatial reaction/diffusion models in realistic
geometries. Importantly, VCell has a graphical user inter-
face for building reaction networks, and models are
accessed through a central database; these capabilities sup-
port the visualization and reuse of complex models, as
would be needed for the actin system. Finally, the database
allows for models to be opened to the entire community;
thus, public VCell models can serve as a starting point for
construction of new models based on a core set of common
interactions.
In this review, we will describe how quantitative experi-
mental data for many molecules found in Table S1 has fed
models of actin polymerization and how model simulations
have been used to both analyze experimental results and
prompt the design of new experiments. It is clear that we
cannot, within the limited scope of this review, cover all
the actin modeling studies that have utilized detailed exper-
imental data, and we apologize for the omission of many
such important studies. Our goal, however, is to use exam-
ples of increasing complexity to illustrate that the close
interplay between mathematical model and quantitative
experiment can produce an increasingly deep understanding
of how the dynamic actin cytoskeleton is marshaled to
control diverse cell biological processes.Building a foundation
Early actin-cytoskeleton modeling aimed to mathematically
explain the nature of the monomeric G-actin-to-filamen-
tous-F-actin transition observed in experiments, using ther-
modynamics to describe polymer formation (16). In 1961,
Oosawa and Kasai developed such a model based on exper-
imental results from their lab (17). They found that polymer-
ization of a pool of actin monomers was both salt- and
monomer-concentration dependent, and that a critical con-
centration of G-actin existed above which polymerization
would occur in solution. In another foundational modeling
study, published in 1976 (18), Wegner mathematicallydescribed actin treadmilling—the steady-state translation
of actin filaments via addition of G-actin primarily to the
filament barbed end while dissociation occurs primarily at
the pointed end. Wegner derived a set of kinetic equations
that were fit to experimental results to describe ATP- or
ADP-bound actin polymerization; the model explained the
discovery that polymerization was dependent on the nucle-
otide state of the actin subunits (19). Although both the
Wegner and Oosawa studies set the stage for modern actin
cytoskeletal modeling, their efforts were limited in that
kinetic rate data of actin polymerization had not yet been
explicitly measured.
Technological advances, especially the pyrene-labeled
actin polymerization assay, subsequently enabled the mea-
surement of actin monomer-actin filament binding rates
in solution (20–24). These experimental measurements
served two purposes: 1), they provided an initial glimpse
into the mechanism of filament treadmilling; and 2), they
laid the foundation upon which subsequent quantitative
models have been constructed. As shown in Fig. 1, actin
treadmilling is conceptually simple yet mathematically
complex because of the number of reactions and rates
needed to accurately describe the process. The cartoon
hides the fact that actin in all three nucleotide forms
(ATP, ADP$Pi, or ADP) can bind to either the barbed
or pointed ends and that binding is fully reversible.
Ultimately, taking advantage of detailed experimentally
measured data, Vavylonis et al. built a quantitative discrete
model of actin polymerization (25). This model could be
validated and refined via new in vitro experiments where
single-filament dynamics are visualized via total internal
reflection fluorescence microscopy (26). This combination
of modeling and experiment produced a complete analysis
of all the steps depicted in Fig. 1, providing the basis for
further quantitative investigation of how actin treadmilling
is regulated.Filament branching mediated by Arp2/3 complex
Actin polymers can form a highly branched network near
the plasma membrane (27,28), with dynamics that control
lamellipodial protrusion and retraction. This network is
formed and maintained by the Arp2/3 complex (29), which
nucleates new filaments after activation by nucleation-
promoting factors. In an attempt to direct experimentalists
toward an understanding of Arp2/3 complex branching,
Carlsson constructed a model to evaluate the dependence
of actin-network growth on protein concentration and
opposing forces (30). That model determined that growth
of the dendritic actin network was dependent not only on
protein concentrations and forces, but also on the mecha-
nism by which the Arp2/3 complex nucleated new filaments.
Existing experimental results were unclear as to whether the
Arp2/3 complex functioned as a filament side branch nucle-
ator (31,32) or a barbed-end branch nucleator (33). ToBiophysical Journal 104(3) 520–532
FIGURE 1 Accurate modeling of simple actin
treadmilling requires complex mathematical de-
scriptions. The cartoon in the center summarizes
the overall process. During actin filament treadmil-
ling, ATP-bound actin monomers (red) bind to
the barbed end of the filament; as the filament
ages, the ATP on each subunit is hydrolyzed, form-
ing ADP-Pi-bound actin (orange); eventually, the
Pi is released, forming ADP-bound actin subunits,
which then depolymerize from the pointed end.
ADP-bound actin monomers then undergo nucleo-
tide exchange to return to their ATP-bound state.
As useful as it may be to summarize the biology,
this cartoon hides the details that would be
required to model this system. VCell reaction
network diagrams for each process (barbed-end
turnover, pointed-end turnover, ATP hydrolysis,
Pi Release, and profilin-mediated nucleotide
exchange) are shown to demonstrate the mathe-
matical complexity required for proper description
of actin dynamics. In the Virtual Cell reaction
diagrams, green balls represent molecular species
(i.e., variables) and yellow squares represent reac-
tions, each with a corresponding rate expression.
The figure displays only one example of an infinite
number of filament lengths and subunit nucleotide-
state arrangements. FA, F-actin; GA, G-actin; BE,
barbed end; PE, pointed end; Prof, profilin; Pi,
inorganic phosphate.
522 Ditlev et al.address this question, Carlsson and colleagues built a model
to test actin nucleation and polymerization while accounting
for either end or side branching (34). Model predictions
indicated that side branching is the mechanism by which
actin-filament nucleation occurs; by using the model to
analyze the experiments, they showed that data used to
argue for end branching were actually more consistent
with side branching.
These results were supported by another model used to
investigate potential rate-limiting steps of filament nucle-
ation (35). Schaus and Borisy constructed a 2-dimensional
discrete model that accounted for the essential dynamic
properties of the network (36); stochastic simulations pre-
dicted that self-organization of the dendritic network at
the leading edge of the lamellipodium emerged from
dynamic properties included in the model and that no
additional mechanical or biochemical factors were needed
to explain experimentally observed branching patterns. In
another study using available kinetic data, Schaus and
Borisy also demonstrated that branched networks push
membranes forward using Brownian-ratchet mechanics
(37). As experimental data on the role of the Arp2/3
complex in branching became available, these studies
showed that modeling could demonstrate how branched
networks formed and evolved at the leading edge of motile
cells.Biophysical Journal 104(3) 520–532The activities of actin-binding proteins: the whole
is not always the sum of its parts
As the study of actin dynamics has expanded, the important
roles of actin-binding proteins (ABPs) have emerged. As
summarized in Table S1, ABPs affect both G-actin and
F-actin. Proteins interact with G-actin to mediate monomer
sequestration, polymerization, and ADP-to-ATP nucleotide
exchange; in addition to branching mediated by Arp2/3,
F-actin-ABP interactions can promote filament stabiliza-
tion or destabilization, bundling, and capping. Additionally,
there are upstream regulatory proteins that modulate the
activity of ABPs. Building a mathematical model that accu-
rately predicts cell biological outputs is also likely to require
knowledge of how these molecular species are distributed
within the complex cellular geometry.
Thymosin-b4 (Tb4) sequesters G-actin, allowing cells to
maintain a pool of monomeric actin (38). In a study testing
the effect of Tb4 on cell migration, the direction of kerato-
cyte locomotion was controlled by uncaging of Tb4 (39),
where an inactivated form of the protein was photochemi-
cally converted to the active form with a laser flash applied
to different locations in the cell. VCell was employed to test
hypotheses of the effect of Tb4 uncaging on actin dynamics
and to analyze the distribution of free G-actin before and
after uncaging. Model predictions were then experimentally
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the sequestration of G-actin, cells can control the direction
in which they are migrating.
Vasodilator-stimulated phosphoproteins (VASPs) affect
filament growth, capping, and bundling (40). VASP regula-
tion of cytoskeletal dynamics was investigated in keratocyte
motility (41). Experimental measurements of cell shape,
leading edge shape, F-actin distribution, cell velocity, direc-
tional persistence, and VASP enrichment were used to create
a model of the role of VASP in keratocyte motility. Model
predictions and experimental confirmation resulted in
a deeper understanding of how VASP affects cytoskeletal
arrangement to promote observable cytoskeletal characteris-
tics during migration.
Cortactin is involved in several biological processes
requiring regulation of the actin cytoskeleton, including in-
vadopod and podosome formation (42), pathogen and endo-
some motility (43), and lamellipodial protrusion (44,45).
Through a combination of bead-based in vitro experiments
and modeling, Siton and colleagues suggested that cortactin
functions in Arp2/3-complex branch kinetics by promoting
the release of Wiskott-Aldrich Syndrome protein (WASP)-
VCA domains from the Arp2/3 complex after branch forma-
tion (46).
ADF/Cofilin regulation of the actin cytoskeleton has been
a major focus of computational modeling. An intriguing
aspect of cofilin biology is that although some in vitro
experimental results demonstrate that it enhances actin
depolymerization through either filament severing (47) or
acceleration of pointed-end dynamics (48), other in vivo
experiments suggest that cofilin enhances actin polymeriza-
tion (49). Carlsson presented a simplified mathematical
model of severing activity, which showed that as long as
barbed-end concentration was limiting, as would be the
case when barbed-end capping activity is high, cofilin-
induced severing would increase overall actin polymeriza-
tion by increasing the concentration of barbed ends (50).
This is an important example of how understanding the
role of a particular actin modulatory protein may require
consideration of the levels of other activities in the overall
system.
Modeling has provided valuable insights into the role
of ADF/cofilin in regulating large-scale actin-network
dynamics. One study investigated the nucleotide state of
growing actin networks and how cofilin activity affected
network dynamics (51). Model predictions coupled with
experimental observations demonstrated that actin-network
growth and filament severing reach a stable dynamical
regime in which filament severing by cofilin is the most
important factor in actin turnover. Two-dimensional Monte
Carlo simulations (52) revealed that the interplay of capping
protein, cofilin, and tropomyosin promote self-organization
of the actin cytoskeleton underlying lamellipodium and
lamellum structure formation, as experimentally defined
by Chhabra and Higgs (53). This model predicted that cofi-lin severing at the leading edge, together with tropomyosin
stabilization of longer filaments, resulted in the self-
assembly of distinct lamellipodium and lamellum struc-
tures, consistent with what is experimentally observed.
The regulation of ADF/cofilin has also been investigated
with the aid of experiment-driven modeling. Cofilin is regu-
lated by PIP2, LIM kinase, and slingshot phosphatase
(54,55), and has been implicated in generating the initial
spike of barbed-end formation after epidermal growth factor
(EGF) receptor stimulation (56). Tania and colleagues
built a model to investigate whether regulation by the three
factors mentioned above can account for the initial barbed-
end spike within 1 min of EGF stimulation (57). Their
model predicted that actin polymerization is dependent on
both the PIP2-bound cofilin available for release and the
rates of cofilin binding and severing of filaments, balanced
with the inactivation of cofilin by LIM kinase and diffusion
away from the leading edge. These predictions are experi-
mentally testable and can direct future experiments to
resolve the temporal and spatial dynamics of cofilin after
EGF stimulation.
Formins are another class of ABPs that behave primarily
as nucleators of actin polymerization. Pollard and Vavylonis
have pioneered initial modeling efforts into understanding
formin activity. In a study that took advantage of measured
formin kinetics (58–63), Vavylonis et al. used mechanistic
modeling to determine how FH1/FH2 domains promote
actin polymerization (64). The authors determined that
FH1 domains transfer bound monomers to filament barbed
ends via their interaction with profilin, but they were unable
to elucidate the role of FH2 domains in polymerization.
Wang and Vavylonis investigated the role of the fission yeast
formin For3p in actin cable assembly (65) using experi-
mental results published by Martin and Chang (66). Results
from both studies suggest that For3p promotes actin cable
formation by binding at the membrane in clusters. Clus-
tering allows polymerizing filaments to be bundled because
of their closely associated nucleation by For3p.
As the amount of experimental data on the roles of actin-
binding proteins in actin network dynamics increases,
experiment-driven modeling will become even more neces-
sary to develop hypotheses that can be tested by further
experimentation. Comprehensive modeling of regulatory
proteins and dynamical actin processes will reveal the roles
of specific proteins of interest in the context of the entire
system. For instance, it will be useful to model formin-
mediated actin networks in the context of cytoskeletal regu-
lation by other known actin-binding proteins to understand
how the cytoskeleton behaves in a cellular system in which
formins are the primary mode of filament nucleation.Assembly of the contractile ring in cytokinesis
A series of comprehensive studies demonstrate how models
constructed with increasing complexity have revealed keyBiophysical Journal 104(3) 520–532
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models relied on a quantitative catalog of the molecules and
their interactions. Cytokinesis in fission yeast requires the
formation and constriction of a contractile ring composed
of actin, myosin, and actin-binding proteins. Experimental
analysis has revealed the participating proteins (67), their
concentrations (68), and the sequence of events leading up
to cell division (69), making this an ideal process to model.
Fission yeast initiates cytokinesis by creating nodes com-
posed of motor proteins and actin-nucleating proteins. Actin
filaments then populate the space between the nodes, and
myosin II pulls the nodes together into a ring. Vavylonis
and colleagues used a simple Monte Carlo simulation to
test the mechanism by which nodes condensed to form
a contractile ring (70). Initially, using only experimentally
known parameters and mechanisms, their model predicted
that nodes formed clusters rather than a contractile ring of
actin filaments. Because their model did not accurately
predict contractile ring formation, they included a search-
and-capture mechanism to describe node motion. The
revised, more complex model accurately predicted experi-
mentally observed contractile ring formation. Following
this investigation, the Pollard laboratory used a two-pronged
investigation to examine the role of actin dendritic nucle-
ation in the mechanism governing contractile ring formation
(71,72). Using experimentally measured spatiotemporal
data of actin patch formation (71), the investigators modeled
contractile ring formation and determined that actin den-
dritic nucleation accounts for actin patch formation when
a mechanism for filament severing is included in the model
(72). The authors did not, however, test their model-pre-
dicted hypothesis for filament severing. Therefore, Chen
and Pollard (73) examined the role of cofilin by building
on the proposed search-and-capture mechanism. They
predicted that cofilin was an essential component in ring
formation, which they then confirmed via experiment.
This progressive series of studies by the Pollard lab demon-
strates the usefulness of systematically increasing model
complexity to address questions that arise while studying
a broader problem, in this case how actin dynamics control
complex cellular processes.Comprehensive models
In vitro experiments can yield valuable quantitative data
on the individual interactions of actin with ABPs and regu-
latory proteins. Additional complexity can be accommo-
dated with experiments on reconstituted systems with
well-defined components, such as bead motility assays.
However, in cells, the actin cytoskeleton can make use
of a large repertoire of potential binders and regulators
(Table S1). Furthermore, these molecules can be spatially
localized within cells with highly intricate geometries,
such as neurons or kidney podocytes. One way to address
this complexity is through comprehensive models that,Biophysical Journal 104(3) 520–532with appropriate customization, can be applied to multiple
actin-driven mechanisms and used to answer multiple ques-
tions. Comprehensive models also offer an ideal means to
organize the vast amounts of actin cytoskeletal data in a
usable format.
The first comprehensive actin cytoskeletal model we
highlight was created by Bindschadler and colleagues
(74). Using published data (38,75–79), those authors
constructed an ordinary-differential-equation model that
explicitly accounted for nucleotide-dependent actin poly-
merization and depolymerization, capping, and regulation
of G-actin activity by profilin and thymosin b4. Because
this complex model included detailed regulation of the
actin cytoskeleton, it was used to predict how varying the
concentrations of G-actin-regulating proteins would affect
actin polymerization in an experimentally testable manner.
For example, because the model accounted for the ATP,
ADP$Pi, and ADP forms of both G-actin and F-actin, the
nucleotide profiles at steady state were determined for
specific experimental conditions. The model predictions
could then be experimentally tested in vitro. The model
could also serve as a base model for testing the effect of
ADF/cofilin severing and/or Arp2/3-mediated actin branch-
ing on actin polymerization, although these molecules were
not explicitly considered.
A comprehensive continuum model has been developed
by our laboratory (80) and is openly available through the
VCell database. It incorporates the processes described in
the Bindschadler model while expanding it to include
N-WASp activation of Arp2/3 at the membrane, Arp2/3-
mediated actin branching (81, 82), cofilin regulation of
the actin cytoskeleton (83, 84), and actin filament dynamics
including fragmentation and annealing (85, 86) (Figure 2A).
Among the important characteristics of this model that
promote its use by the community of researchers studying
the actin cytoskeleton are that 1), it exists in an accessible
and extensible format, so it won’t need to be reconstructed
from the ground up to test a new idea or to include additional
molecular mechanisms; and 2), as demonstrated in Movie
S1, it can be applied to any geometry, including the simula-
tion of partial differential equations derived from imported
three-dimensional microscope image data, allowing the
effect of diffusion and spatial localization to be tested in
realistic cellular geometries.
Some components of this model illustrate the difficulties
inherent in using deterministic modeling to describe cyto-
skeletal dynamics. To accurately formulate barbed- and
pointed-end dynamics, the nucleotide state of both the end
and the penultimate subunit must be known in order to
correctly specify the stoichiometry of end dissociation.
However, to reduce the combinatorial complexity of our
continuum model, the nucleotide state (ATP, ADP$Pi, or
ADP) of individual positions within filaments is not explicit.
The model explicitly accounts for the nucleotide states at
pointed and barbed ends, producing six variables; the rest
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FIGURE 2 Comprehensive VCell modeling of the actin cytoskeleton. Because of the open nature of models in the VCell, original models can be simplified
and/or adapted at the user’s discretion to investigate previously unstudied aspects of actin regulation without building a new model. These models can then be
used in a variety of geometries, i.e., lamellipodia or dendritic spines, or with a variety of experimentally simulatable systems, i.e., CALI or FRAP. (A) In the
original Actin Dendritic Nucleation model (80), the actin cytoskeleton is regulated by the Arp2/3 complex, capping protein, cofilin, profilin, and thymosin-
b4. (B) Building on the base model in (A), Kapustina and colleagues (89) added VASP regulation of capping protein and modeled the effects of CALI and
FRAP on eGFP-capping protein-regulated actin dynamics. (C) Using an optimized version of the model, Ditlev and colleagues (90) created an upstream
signaling module that activated Arp2/3 complex. With this reaction scheme, a previously unappreciated mechanism of the Nck/N-WASp/Arp2/3 complex
pathway was elucidated.
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three variables corresponding to the three nucleotide states.
To approximate the correct stoichiometry and assure mass
conservation in our model, the fractions of nucleotide states
at the penultimate positions are taken to be equivalent to the
fractions at the filament ends. As an example from this
model, the rate of dissociation of an ADP-F-actin subunit
from the pointed end to produce an ADP$Pi-F-actin pointed
end and an ADP-G-actin monomer is given bykr  PointedADP 

PointedADPPi
PointedADPþ PointedADPPiþ PointedATP

 S
S ¼ 1 e


ADPFActin
PointedADP

;where kr is the rate constant for dissociation and S is an
expression used to assure that the rate vanishes for filaments
too short to contain an appropriate proportion of ADP$Pi
subunits. This is one of several approximations that were
required to capture the essential details of various mecha-
nisms within the constraints of continuum modeling. How-
ever, this comprehensive model permitted us to simulate and
explain such complex phenomena as the sharp transitionfrom polymerization to depolymerization in the lamellipo-
dium of a motile cell (87,88). Using a three-dimensional
geometry of a cell with active N-WASp confined to the
leading edge, we found that the dissociation of Arp2/3
branches just to the rear of the activation zone led to a large
local steady-state concentration of depolymerizing pointed
ends. Several other insights were derived from the model,
but, importantly, it was able to serve as a base for two other
studies investigating capping-protein regulation by VASPand a signaling mechanism governing local actin polymeri-
zation, as illustrated in Fig. 2, B and C, respectively.
Kapustina and colleagues adapted the model to investi-
gate the effects of fluorescence recovery after photobleach-
ing (FRAP) and chromophore-assisted laser inactivation
(CALI) experiments on eGFP-capping protein (Fig. 2 B)
(89). They found that to accurately predict the effects
of FRAP or CALI on capping protein and the actinBiophysical Journal 104(3) 520–532
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in the model, which they added in the form of VASP. Pre-
dictions from their model indicated that FRAP can be
safely used with eGFP-capping protein, with no CALI-like
effect, to investigate capping protein behavior in the lamel-
lipodia. Furthermore, model simulations of the CALI-
induced uncapping were consistent with experimental
observations only if the uncapping activity of VASP was
highly cooperative. Although there is indirect experimental
evidence for such cooperativity, it is hoped that the
modeling result will prompt further investigation of this
important mechanism.
We have also used the Ditlev model (80) to investigate
Nck-dependent actin polymerization (90) (Fig. 2 C). Exper-
iments demonstrated a nonlinear relationship between Nck
density on the membrane and actin polymerization; as
Nck density in aggregates increased from 0% to 100%, actin
polymerization increased nonlinearly from sparse actin
spots to robust actin comet tails. Using an optimized version
of the available model (Fig. 2 C), we found evidence for
a previously unappreciated mechanism by which Nck acti-
vates N-WASp (90). Because we explicitly described the
mechanism by which Nck activated N-WASp, we were
able to test different mechanisms by which Nck activates
Arp2/3 complex through N-WASp. The hypotheses sug-
gested by the model, including a 4:2:1 stoichiometry for
Nck/N-WASp/Arp2/3 and the involvement of WASP
interacting protein in the signaling complex, were then
experimentally tested and validated using quantitative fluo-
rescent microscopy. Both the Kapustina et al. (89) and
Ditlev et al. (90) studies benefited from detailed descriptions
of actin biochemistry, allowing them to link signaling to the
cytoskeleton while accounting for explicit perturbation of
the cytoskeleton network.
In summary, comprehensive, detailed modeling of the
actin cytoskeleton not only provides an opportunity to orga-
nize known experimental data in a useful manner, it
provides a method to fully explore roles of interacting
molecules that comprise this complex network. By explic-
itly including regulatory proteins and detailed kinetics,
modelers are better equipped to treat remodeling of the cyto-
skeleton in response to various signaling inputs, providing
researchers with a deeper understanding of how extracel-
lular stimuli result in specific cellular responses. Addition-
ally, the availability of open models, using either the
VCell database or other model repositories, such as CellML
(www.cellml.org) or BioModels (http://www.ebi.ac.uk/
biomodels-main/), provides researchers with the opportu-
nity to readily build on the work of others. An important
caveat for any modeling study is that we can never be
sure that the model is and its parameters are complete or
accurate. It is our contention, however, that the process of
iterative modeling and experiment is the most direct path
toward a full understanding of complex biological systems.
Indeed, it is in precisely those situations in which the modelBiophysical Journal 104(3) 520–532does not reproduce an experimental observable that the
process of coupling model and experiment is most valuable,
because this failure forces the investigator to carefully
consider what is wrong with the hypotheses underlying
the model.
Conceptual models that conform to Fermi’s four-param-
eter-elephant standard for elegance will always be of value
in describing a global actin-dependent process such as cell
migration, but we argue in this review that experiment-
driven, comprehensive modeling is also vital as a tool for
investigating the actin cytoskeleton and its regulation.
From the earliest studies of actin polymerization, the actin
cytoskeleton has lent itself to kinetic measurements and
modeling. In vitro biochemistry has been the primary source
for rate constants used in modeling the cytoskeleton.
However, as technological advances push the field forward,
methods to measure concentrations and rate constants
in vivo will become ever more prevalent, thereby improving
both the inputs to models and the experiments used to vali-
date their predictions. Indeed, as more cytoskeletal regula-
tors are identified and their functions elucidated, modeling
will be essential for organizing the data and for developing
hypotheses on the complex interplay of the myriad actin-
binding and regulatory proteins.SUPPORTING MATERIAL
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